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This paper focused on PSL (peak sidelobe level) reduction for subarrayed beam scanning in phased array radars. The desired
GSP (Gaussian Subarray Patterns) are achieved by creating a subarray weighting network. The GSP-based method could reduce
PSL of array pattern; compared with the method based on the desired subarray pattern which is defined by ideal space-domain
filter, the PSL reduction performance is improved remarkably. Further, based on the concept adopting superelement patterns to
approximately express original subarray patterns, the simplified GSP-based method is proposed. So the dimension of each matrix
required for creating the weighting network, which was originally the same as the element number, could be reduced to the same
as the subarray number. Consequently, we achieve remarkable reduction of the computation burden; simultaneously, the PSL
mitigation performance is degraded slightly. Simulation results demonstrate the validity of the introduced methods.

1. Introduction

Inmodern PAR (phased array radars) and particularly multi-
functional PAR, the subarray structure is usually adopted [1–
4] and subarrayed array processing is a key technique [5–9].
For subarrayed PAR, the look direction is usually controlled
by the phase shifters [1]. However, further digital scanning
at subarray level is required for forming multiple beams and
many other applications. The look direction is steered into
a certain direction by the phase shifters and then SBS (sub-
arrayed beam scanning) is used for a limited sector of look
directions around the presteered direction.

Typically with SBS, the PSL will increase rapidly with the
scanning direction departing from the original look direc-
tion.Therefore, the requirement for PSL reduction arises.The
resulting array pattern is composed of the pattern of each
subarray. Usually, the shape and beamwidth of the subarray
patterns are different. Each subarray pattern has a high PSL
which contributes to a high PSL of the array pattern. If the

pattern of each subarray would have good coherence in the
main beam and have a low PSL, the PSL of the array pattern
could be reduced for SBS.

Nickelmade a first investigation for reducing the PSLwith
SBS. In his paper [4], the SLL with SBS was reduced to some
degree by inserting a matrix operation with the objective of
making the new subarray pattern approach an ideal one based
on LMS criterion.Therein, the ideal subarray pattern is set as
Ideal Space-Domain Filter (ISDF in short) which is constant
within the main lobe and zero otherwise.

This paper introduces Gaussian Subarray Pattern (GSP
for short) [5] as the desired pattern in order to improve the
PSL with SBS. For the GSP, the gain is set very low outside the
main beamwhich is better suited to reduce the PSL. However,
in GSP-based method, the dimension of the matrix for cre-
ating WN (weighting network) is the same as the element
number. Therefore, the computational burden is enormous
for the PAR containing hundreds or even thousands of
elements.
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Therefore, this paper adopts the methodology of regard-
ing the array as a superarray and each subarray as a superele-
ment, and representing the superelements by the correspond-
ing subarray’s phase center and gain. When creating the
WN, the superelement pattern approximately represents the
pattern for the new subarray obtained by WN. By using
this simplification, the dimension of each matrix for creating
WN would be reduced to the subarray number. Therefore,
the simplification could reduce the computational burden
remarkably, compared with GSP-based one. This simplifica-
tionmethod is named SimplifiedGSP (SGSP for short) in this
paper.

2. Array Pattern of SBS

Assuming a planar phased array with 𝑀 omnidirectional
elements located on the 𝑥𝑜𝑦 plane, take the first element as
the origin of the coordinate system and let (𝑥

𝑚
, 𝑦
𝑚
) be the

coordinate of the 𝑚th (𝑚 = 1, . . . ,𝑀) element. Amplitude
weighting at element is used for reducing the PSL of the sum
beam.The weight of the𝑚th element is 𝑤ele 𝑚 and array look
direction is (𝜃

0
, 𝜑
0
).

Let the phased array be divided into 𝐿 subarrays, and
let T
0
represent the subarray forming matrix of 𝑀 ×

𝐿 dimension. Let Wele = diag (𝑤ele 𝑚)𝑚=1,2,...,𝑀; denote
𝜑
𝑚
(𝜃, 𝜑) = exp{−𝑗2𝜋[𝑥

𝑚
sin 𝜃 cos𝜑 + 𝑦

𝑚
sin 𝜃 sin𝜑]/𝜆} and

Φ
0
= diag[𝜑∗

𝑚
(𝜃
0
, 𝜑
0
)]
𝑚=1,...,𝑀

; then, subarray transformation
matrix is

T = Φ
0
WeleT0. (1)

We consider the array as a superarray and each subarray
as a superelement.The superelement position is defined as the
phase centre of the subarray. For the 𝑙th subarray, the phase
center is denoted by 𝜉

𝑙,𝑥
and 𝜉
𝑙,𝑦

along the 𝑥 and 𝑦 direction,
respectively, and the gain is denoted by 𝑔

𝑙
. Then, one obtains

[5]

𝜉
𝑙,𝑝
=

∑
𝑚∈𝑈𝑙

𝑤ele 𝑚𝑝𝑚

∑
𝑚∈𝑈𝑙

𝑤ele 𝑚
, for 𝑝 = 𝑥 or 𝑦,

𝑔
𝑙
= ∑

𝑚∈𝑈𝑙

𝑤ele 𝑚,

(2)

where 𝑈
𝑙
denotes the set of indices of elements in the 𝑙th

subarray.
We introduce 𝑎

𝑚
(𝑢, V) = 𝑒

𝑗2𝜋(𝑥𝑚𝑢+𝑦𝑚V)/𝜆 and define
a(𝑢, V) = [𝑎

1
(𝑢, V), . . . , 𝑎

𝑚
(𝑢, V), . . . , 𝑎

𝑀
(𝑢, V)]T. Suppose that

𝑓
𝑙
(𝑢, V) is the pattern of the 𝑙th subarray andwe let fsub(𝑢, V) =

[𝑓
1
(𝑢, V), . . . , 𝑓

𝑙
(𝑢, V), . . . , 𝑓

𝐿
(𝑢, V)]T; then,

fsub (𝑢, V) = THa (𝑢, V) . (3)

The array pattern is

𝐹 (𝑢, V) =
𝐿

∑

𝑙=1

𝑓
𝑙
(𝑢, V) 𝑒𝑗2𝜋(𝜉𝑙,𝑥𝑢+𝜉𝑙,𝑦V). (4)

Digital beam scanning

Subarraying

ADC

Subarrayed 
processing

· · ·

ΣΣΣΣ

Figure 1: Structure of subarrayed beam scanning.

SBS is implemented by performing subarrayed digital
phase shift while taking a superelement as reference element.
The array pattern after scanning in this way is

𝐹Scan (𝑢, V) =
𝐿

∑

𝑙=1

𝑓
𝑙
(𝑢, V) 𝑒𝑗2𝜋[𝜉𝑙,𝑥(𝑢+Δ𝑢)+𝜉𝑙,𝑦(V+ΔV)] (5)

in which Δ𝑢 and ΔV represent the scan angles in 𝑢 and V
direction.

The concept of the subarrayed beam scanning is indicated
in Figure 1.

3. SGSP-Based SLL Reduction for SBS

To suppress the PSL after SBS, a way is postprocessing the
subarray outputs, which creates new subarrays with new pat-
terns andnew superelement.This is designed tomake the new
subarray pattern approximate to a desired subarray pattern
according to the LMS criterion.The starting point of creating
the WN is to make the new subarrays have a pattern with
similar shape within the main beam and with PSLs as low as
possible.

3.1. GSP-Based Weighting Network. Firstly, the desired array
pattern is set as one with a shape of a Gaussian function. For
𝑙th subarray, it is expressed as [5]

𝑓
𝑙

(GSP)
(𝑢, V) =

1

𝜋𝜎2
𝑒
−[(𝑢−𝑢0)

2
+(V−V0)

2
]/𝜎
2

⋅ 𝑒
𝑗2𝜋[𝜉𝑙,𝑥(𝑢−𝑢0)+𝜉𝑙,𝑦(V−V0)]/𝜆,

(6)

where 𝜎2 represents the variance of Gaussian distribution
function which is used to adjust the beamwidth.

The WN W = (w
1
, . . . ,w

𝑙
, . . . ,w

𝐿
) in which w

𝑙
is an

𝐿-dimensional column vector. The pattern of the 𝑙th new
subarray is

𝑓new 𝑙 (𝑢, V) = (w𝑙)
H fsub (𝑢, V) . (7)

We consider the objective function

𝑌
𝑙
= ∫
𝑉


𝑓new 𝑙 (𝑢, V) − 𝑓𝑙

(GSP)
(𝑢, V)



2

d𝑢 dV, (8)

where 𝑉 = {(𝑢, V) ∈ R2 | 𝑢2 + V2 ≤ 1}. Then, we have [5]

W = (THT)
−1

THC−1V, (9)
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where

C = ∫
𝑉

a (𝑢, V) aH (𝑢, V) d𝑢 dV (10)

and V = (k
1
, . . . , k

𝑙
, . . . , k

𝐿
), where k

𝑙
= (V
1,𝑙
, . . . , V

𝑚,𝑙
, . . . ,

V
𝑀,𝑙
)
T and

V
𝑚,𝑙
=

1

𝜋𝜎2
𝑒
𝑗2𝜋(𝑥𝑚𝑢0+𝑦𝑚V0)/𝜆

⋅ ∫
𝑉

𝑒
𝑗2𝜋[(𝑥𝑚−𝜉𝑙,𝑥)(𝑢−𝑢0)+(𝑦𝑚−𝜉𝑙,𝑦)(V−V0)]/𝜆

⋅ 𝑒
−[(𝑢−𝑢0)

2
+(V−V0)

2
]/𝜎
2

d𝑢 dV, 1 ≤ 𝑚 ≤ 𝑀.

(11)

Considering the formula (9), T, C, and V have the
dimensions𝑀×𝐿,𝑀×𝑀, and𝑀×𝐿, respectively. Usually,
𝑀 has an order ofmagnitude from several hundred to several
thousand, so their extensive computations are needed to
calculateW.

3.2. SGSP-Based Weighting Network. A method of reducing
the computational cost is proposed in the following.The idea
is to represent the pattern function of the new subarray in
(7) approximately. We use Ase(𝑢0, V0) denoting the steering
vector matrix of the superarray in the look direction:

Ase (𝑢0, V0) = diag (𝑒𝑗2𝜋(𝜉𝑙,𝑥𝑢0+𝜉𝑙,𝑦V0)/𝜆)
𝑙=1,...,𝐿

. (12)

And let

Gse = diag (𝑔
𝑙
)
𝑙=1,...,𝐿

. (13)

Phase shifts and gains are combined into

Bse = AH
se (𝑢0, V0)Gse. (14)

The steering vector of superarray is expressed as

ase (𝑢, V) = [𝑎se 1 (𝑢, V) , . . . , 𝑎se 𝑙 (𝑢, V) , . . . , 𝑎se 𝐿 (𝑢, V)]
T
,

(15)

where 𝑎se 𝑙(𝑢, V) = 𝑒
𝑗2𝜋(𝜉𝑙,𝑥𝑢+𝜉𝑙,𝑦V)/𝜆.

Let

fsub (𝑢, V) = Bsease (𝑢, V) (16)

and denote fsub(𝑢, V) = [𝑓


1
(𝑢, V), . . . , 𝑓

𝑙
(𝑢, V), . . . , 𝑓

𝐿
(𝑢, V)]T.

Substituting (14) and (15) into (16), one obtains

𝑓
𝑙



(𝑢, V) = 𝑔
𝑙
𝑒
𝑗2𝜋[𝜉𝑙,𝑥(𝑢−𝑢0)+𝜉𝑙,𝑦(V−V0)]/𝜆. (17)

So fsub(𝑢, V) is used to express the subarray pattern approxi-
mately.

Next, we adopt theWNW and denote it asW = (w
1
, . . . ,

w
𝑙
, . . . ,w

𝐿
). The pattern of the new subarray obtained byW

is

𝑓


new 𝑙 (𝑢, V) = (w


𝑙
)
𝐻

fsub (𝑢, V) . (18)

8 × 7 8 × 6 8 × 3 8 × 2 8 × 5 8 × 9

5 × 7 5 × 6 5 × 3 5 × 2 5 × 5 5 × 9

2 × 7 2 × 6 2 × 3 2 × 2 2 × 5 2 × 9

4 × 7 4 × 6 4 × 3 4 × 2 4 × 5 4 × 9

6 × 7 6 × 6 6 × 3 6 × 2 6 × 5 6 × 9

9 × 7 9 × 6 9 × 3 9 × 2 9 × 5 9 × 9

y

xo

Figure 2: Antenna with 1088 elements on rectangular grid config-
ured into 36 subarrays.

We determine the subarray weight such that a desired
pattern is approximated in a LMS sense:

𝑌
𝑙



= ∫
𝑉


𝑓


new 𝑙 (𝑢, V) − 𝑓𝑙
(GSP)

(𝑢, V)


2

d𝑢 dV. (19)

Similarly, we can obtain [5]

W = (BseB
H
se)
−1

Bse (Cse)
−1 Vse, (20)

where

Cse = ∫
𝑉

ase (𝑢, V) a
H
se (𝑢, V) d𝑢 dV (21)

and Vse = (k
1
, . . . , k

𝑙
, . . . , k

𝐿
), where k

𝑙



= (V
1,𝑙
, . . . , V

𝑛,𝑙
,

. . . , V
𝐿,𝑙
)
T and

V
𝑛,𝑙
=

1

𝜋𝜎2
𝑒
𝑗2𝜋(𝜉𝑛,𝑥𝑢0+𝜉𝑛,𝑦V0)/𝜆

⋅ ∫
𝑉

𝑒
𝑗2𝜋[(𝜉𝑛,𝑥−𝜉𝑙,𝑥)(𝑢−𝑢0)+(𝜉𝑛,𝑦−𝜉𝑙,𝑦)(V−V0)]/𝜆

⋅ 𝑒
−[(𝑢−𝑢0)

2
+(V−V0)

2
]/𝜎
2

d𝑢 dV, 1 ≤ 𝑛 ≤ 𝐿.

(22)

Considering formula (20), the matrices required in creat-
ing W, that is, Vse, Bse, and Cse, are all of dimension 𝐿 × 𝐿.
Usually 𝐿 is only a few dozens of magnitude and therefore
the computational burden with W is reduced remarkably
compared withW.

4. Simulation Results

Assume a planar array with 32 × 34 omnidirectional elements
placed at rectangle grid on 𝑥𝑜𝑦 plane, and the spacing
between adjacent elements is 𝜆/2. A −40 dB Taylor weighting
is applied in both 𝑥 and 𝑦 directions. The array is divided
into 6 × 6 subarrays and each of which is a rectangular array.
The element distribution and the subarray arrangement are
shown in Figure 2.We assume that the look direction is (−0.5,
0), BW is the 3 dB beamwidth of the pattern, and 𝜎2 is chosen
as 0.2 BW in both the GSP and the SGSP cases.

4.1. Subarray Patterns. Figure 3 shows subarray patterns
obtained by different methods. Figure 3(a) shows the original
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Figure 3: Subarray patterns obtained by several methods.
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Figure 4: Array patterns with SBS obtained by different methods (azimuth cut).

subarray patterns. Obviously the shape and the beamwidth of
each subarray pattern differ from each other greatly, and the
PSL is high. Figure 3(b) shows the subarray patterns obtained
by GSP. Obviously, the beam shape and beamwidth of all
subarrays are very similar, and the shape of each main beam
is similar to Gaussian function while the SLL is reduced effec-
tively. Figure 3(c) shows the subarray patterns obtained by
SGSP.We can see that it is very close to Figure 3(b).The beam
shape, beamwidth, and gain within the main beam of each
subarray are very similar, while the SLL is reduced as well.
However, its SLL is slightly higher comparedwith Figure 3(b).

4.2. The PSL Performance after SBS. Next, simulations after
SBS are given, in which scanning is carried out in 𝑢 direction
and the scan angle is set as 0.5 BW and 1.0 BW, respectively.

Figure 4 shows the array patterns after scanning. Subplots
(a), (b), (c), and (d) show the array patterns obtained without
the WN processing, with ISDF, GSP, and SGSP, respectively.
The different curves are given for nonscanning and scan
angles of 0.5 BW and 1.0 BW, respectively. Comparing sub-
plots (c) and (d) with (a), it is obvious that the PSL of the pat-
tern after scanning is reduced using bothGSP and SGSP com-
pared to the case without aWN. Comparing subplots (c) and
(d) with (b), it is seen that both GSP and SGSP are superior to
ISDF in the aspect of the PSL reduction capability. It can be
seen that the PSL reduction of SGSP is degraded slightly com-
pared with GSP, which can be seen from subplots (c) and (d).

The PSL values of each pattern in Figure 4 after scanning
are shown in Table 1. It can be seen compared to the case
without WN that for ISDF the PSL is reduced by 1.3 dB for
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Table 1: The PSL of array pattern with SBS (dB).

Scanning range
(BW) Non-WN ISDF GSP SGSP

PSL Improvement PSL Improvement PSL Improvement
0.5 −23.5 −24.8 1.3 −27.0 3.5 −26.4 2.9
1.0 −17.0 −18.7 1.7 −21.4 4.4 −20.6 3.6

0.5 BW scanning and 1.7 dB for 1 BW, while for GSP the PSL
is reduced by 3.5 dB and 4.4 dB, respectively.Thus, the PSL of
GSP is improved by 2.1 dB for 0.5 BW scanning and 2.7 dB
for the 1 BW compared with ISDF. Consequently, the GSP
improves remarkably ISDF as PSL of the latter is only reduced
by more than 1 dB compared with non-WN. SGSP has a good
PSL reduction, too, which PSL is just degraded by 0.6 dB for
0.5 BW scanning and 0.8 dB for 1 BW, compared with GSP.

5. Conclusions

(1) The GSP can reduce the PSL of the array pattern with
SBS effectively, while the computational cost is equiv-
alent compared with the ISDF method. For SGSP, the
dimension of each matrix for creating the WN is the
same as the subarray number. Consequently, the com-
putational cost is reduced remarkably compared with
GSP in which the matrix dimension is equal to the
element number. Furthermore, the PSL reduction of
SGSP degrades only slightly compared with the latter.

(2) For the WN-based method, the construction of more
effective desired subarray pattern is the way to im-
prove the PSL mitigation performance further.
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